In the fission yeast, Schizosaccharomyces pombe, tolerance to high sodium and lithium concentrations requires the functioning of the sod2, Na+/H+ antiporter. We have directly measured the activity of this antiporter and demonstrated reconstitution of the activity in gene deletion strains. In addition, we have shown that it can be transferred to, and its antiporter activity detected in, the budding yeast, Saccharomyces cerevisiae, where it also confers sodium and lithium tolerance. Proton flux through the S. pombe Na+/H+ antiporter was directly measured using microphysiometry. The direction of transmembrane proton flux mediated by this antiporter was reversible, with protons being imported or exported in response to the external concentration of sodium. This bidirectional activity was also detected in S. cerevisiae strains expressing sod2 and expression of this gene complemented the sodium and lithium sensitivity resulting from inactivation of the ENAI/PMR2 encoded Na+-exporting ATPases. This suggests that antiporters or sodium pumps can be utilized interchangeably by S. cerevisiae to regulate internal sodium concentration. Potent inhibitors of mammalian Na+/ H+ exchangers were found to have no effect on sod2 activity. The proton flux mediated by sod2 was also found to be unaffected by perturbation of membrane potential or the plasma membrane proton gradient.
H+ exchangers were found to have no effect on sod2 activity. The proton flux mediated by sod2 was also found to be unaffected by perturbation of membrane potential or the plasma membrane proton gradient.
Maintaining low intracellular sodium concentrations is a problem common to almost all cell types because high internal sodium is generally toxic. In animal cells, the Na+,K+-ATPase directly exports sodium and establishes an inwardly directed sodium gradient to drive secondary transport systems. This enzyme is not present in plants and fungi and instead a primary proton gradient is established by the H+-ATPase. Secondary transport systems use the energy in the proton gradient to carry nutrients into the cell. Sodium is removed by specialized export systems (1, 2) .
Recently the export mechanism for intracellular sodium in fission and budding yeasts has been described and rather surprisingly two quite distinct mechanisms have evolved. In Schizosaccharomyces pombe tolerance to external sodium is dependent upon the sod2 gene, which encodes a protein with homology to bacterial and mammalian Na+/H+ antiporters (3) . Na+ or Li' export from these cells is via this carrier and dependent upon the proton gradient established by the H+-ATPase. Deletion of the gene results in Na+ and Li' hypersensitivity. In Saccharomyces cerevisiae, a family of genes encoding Na+-ATPases is responsible for sodium efflux (1, 4) . Disruption of these P-type sodium pumps in S. cerevisiae results in a phenotype very similar to disruption of sod2 in S. pombe; the cells become hypersensitive to Na+ and Li+ and cannot export these ions from the cell. Overexpression of the gene causes an increase in Na+ and Li+ tolerance. To date, no antiporter activity has been detected in budding yeast and no Na+-ATPase in fission yeast.
We have performed an analysis of Na+/H+ antiporter activity in S. pombe by measuring the rate of transmembrane proton flux in wild-type and sod2 mutant strains. A pH sensing silicon chip based microphysiometer was used to directly monitor the rate of acid excretion by the cells (5, 6) . This allowed us to easily examine the activity of the antiporter in the fission yeast as well as to detect the functional expression of the gene following heterologous expression in S. cerevisiae. The activity of the sod2 antiporter is reversible and the direction of proton movement is controlled by the relative extracellular concentrations of Na+ and H+. Overexpression studies demonstrate directly that the increased flux on this carrier correlates with increased Na+ and Li' tolerance. In addition, we show that expression of the sod2 antiporter in a strain of S. cerevisiae lacking the sodium exporting Na+-ATPases results in restoration of sodium tolerance coupled with directly measurable bidirectional movement of protons in response to sodium gradients. These results, as well as recent data demonstrating complementation of an S. pombe sod2 null mutation by expression of the PMR2/ENA1 Na+-ATPase gene from S. cerevisiae (7) , show that either of these very different mechanisms for regulating intracellular sodium concentration are sufficient to provide sodium or lithium tolerance to these cells. These effects are ion specific and quite independent of the parallel osmotic adjustment that a cell must make in dealing with high concentrations of external solutes of any kind (8, 9) .
MATERIALS AND METHODS
Strains, Media, and Construction of Plasmids. S. pombe and S. cerevisiae strains were grown at 30°C in SD medium (10) containing appropriate nutritional supplements. For expression ofsod2 in S. pombe, strain sod2::ura4 (3), an NdeI/BamHI fragment containing the coding region but lacking the intron sequence was cloned under control of the cauliflower mosaic virus 35S promoter (11) in vector p35S resulting in plasmid p35S-sod2. p35S is a derivative of pREP3 (12) in which the nmtl promoter and transcription termination sequences have been replaced with the cauliflower mosiac virus 35S promoter and transcription termination sequences. For expression of sod2 in S. cerevisiae, the NdeI/BamHI fragment was cloned under transcriptional control of the promoter for phosphoglycerate kinase in plasmid A241 (13) resulting in plasmid A241-sod2. Plasmids were introduced into S. pombe and S. cerevisiae using the alkali cation transformation method in kit form (Bio 101). Effects of known inhibitors of mammalian Na+/H+ antiports (amiloride and derviatives) and compounds that collapse the plasma membrane proton gradient [2,4- antiporter activity were determined by addition of these compounds to the buffer perfusing the flow chambers for 15-20 min before and then during the exposure to NaCl. All microphysiometer experiments were repeated at least twice and representative data are shown.
RESULTS
Bidirectional Activity of the S. pombe Na+/H+ Antiporter Encoded by sod2. Previous studies of sod2 activity in S. pombe demonstrated that cells preloaded with Na+ import protons as Na+ is exported, but were not able to show H+ export in response to Na+ uptake (3) . In the present study, microphysiometry (5) has been used to sensitively measure changes in transmembrane proton flux in S. pombe in response to changes in the external concentration of sodium.
Activity of the Na+/H+ antiporter in S. pombe was detected by incubating cells in buffer containing the sodium substitute TMA and then exposing them to buffer with sodium chloride replacing the TMA. To measure the relatively small transmembrane proton flux due to the Na+/H+ antiporter above the proton pumping activity of the plasma membrane H+-ATPase, pmal (2, 15) , the cells were incubated in Hepes buffer at pH 6.3 containing TMA but lacking glucose. Activity of the H+-ATPase is very low under these conditions and extracellular acidification rates are close to zero.
Exposure of wild-type strain Sp223 (ade6-216, leul-32, ura4-294) and mutant strains sod2-1 and sod2::ura4 (3) to 300 mM NaCl is shown in Fig. 1 . Shifting the wild-type strain from 300 mM TMA to 300 mM NaCl resulted in an increase in acidification rate, indicating export of protons as sodium is taken up by the cells. This increase was transient, with the acidification rate returning to baseline after approximately 10 min. Upon removal of the NaCl and a return to TMA, the cells showed a transient extracellular alkalinization, indicating uptake of protons as sodium was exported. Strain sod2-1 contains a genomic amplification of the sod2 locus with a copy number of approximately 20 per genome (3) . This strain, which overexpresses the Na+/H+ exchanger, exhibited a much larger increase in acid-:r! Microphysiometry demonstrates bidirectionality of the S. pombe antiporter in response to sodium concentration gradients. Sensor chambers contained equal numbers of cells of wild-type strain Sp223 (squares), sod2-1 (circles), sod2::ura4 (triangles), or sod2::ura4 cells in which the sod2 gene was overexpressed on plasmid p35S-sod2 (diamonds). Chambers were perfused with 10 mM Hepes, 0.1% BSA, and 300 mM TMA chloride at pH 6.3. When stable acidification rates were obtained, a valve switch was performed so that the cell chambers were exposed to the same buffer solution containing 300 mM NaCl in place of TMA. After approximately 12 min, a second valve switch was performed so that the chambers were again perfused with the TMA-containing buffer. Normalized acidification rates are plotted versus time (in minutes) and the period of exposure to the NaCl containing-buffer is indicated by the bar. ification rate upon exposure to 300 mM NaCl than did the wild-type strain. Similarly, upon removal of the NaCl, sod2-1 showed a transient alkalinization of the extracellular environment that was significantly higher than the alkalinization exhibited by the wild-type strain. Strain sod2::ura4 contains a disruption of the sod2 gene and displays hypersensitivity to NaCl and an inability to export sodium (3). Analysis of sod2::ura4 by microphysiometry showed no change in the rate of extracellular acidification in response to either addition or withdrawal of NaCl, indicating that the changes in acidification rates observed for the wild-type strain and the sod2 overexpressor are due to activity of the Na+/H+ antiporter.
To confirm that the changes in proton flux detected by microphysiometry were a result of the bidirectional activity of the Na+/H+ exchanger encoded by sod2, the sod2 gene was cloned under control of the cauliflower mosaic virus 35S promoter and transcription termination sequences. The resulting plasmid, p35S-sod2, was transformed into the disruption mutant strain, sod2::ura4. Several of the transformants were analyzed by microphysiometry and all showed a dramatic increase in acidification rate upon exposure to 300 mM NaCl and a corresponding alkalinization upon its removal (Fig. 1) , similar to that observed for the overexpressing strain sod2-1. In contrast, sod2::ura4 transformed with the vector alone exhibited no change in proton flux in response to the external concentration of sodium (data not shown). This provides further confirmation that the overexpression of the sod2 Na+ /H+ antiporter is sufficient to confer antiport activity above the level seen in wild-type cells.
Functional (17, 18) . The S. pombe sod2 gene was cloned under the control of the constitutive promoter for phosphoglycerate kinase and introduced into S. cerevisiae strain RH16.6, which contains a deletion of the ENAI-ENA4 genes. RH16.6 lacks any sodium or lithium efflux activity and exhibits increased sensitivity to these ions (4). Because sod2 is necessary for growth in the presence of Na+ or Li' in S. pombe (3), the function of sod2 in strain RH16.6 in lithium tolerance was assessed by measuring growth rates of transformants in the presence of increasing concentrations of lithium. Transformants containing the empty vector A241 exhibited a decrease in growth rate at concentrations of lithium as low as 10 mM, while culturing of these cells in media containing LiCl at 50 mM or 100 mM led to an almost complete inhibition of growth ( Fig. 2A) . In contrast, strain RH16.6 transformed with the sod2 expression plasmid, A241-sod2, showed a greatly enhanced resistance to lithium. With 10 mM LiCl present in the medium, no effect on growth rate was observed and, at a concentration of 100 mM, only a slight decrease in growth rate resulted (Fig. 2B) . Growth assays showed that the RH16.6 transformants expressing sod2 also displayed enhanced resistance to sodium, and that even in a wild-type S. cerevisiae strain, expression of sod2 resulted in an increase in resistance to both lithium and sodium (Table 1) .
In S. cerevisiae, an increase in the osmolarity of the external environment induces an osmosensitive signal transduction pathway mediated by the HOG1 (styl in S. pombe) protein kinase (8, 19) . To determine if the increased resistance to lithium and sodium exhibited by strain RH16.6 expressing sod2 was due to an increased response to high osmolarity, growth rates of the transformants were measured in the presence of various concentrations of sorbitol or KCI. It was found that increasing concentrations of both sorbitol and KCl inhibited the growth rates of transformants containing the vector and the sod2 expression plasmid to a similar extent. This indicates that expression of the S. pombe Na+/H+ antiporter in a strain of S. cerevisiae lacking the Na+-ATPase gene family restores lithium and sodium efflux activity without affecting the response to osmotic stress.
Functional-expression of the sod2 gene expressed in RH16.6 was also directly measured using microphysiometry. Exposure of cells to 300 mM NaCl resulted in the characteristic increase in the rate of proton export whereas withdrawal of the sodium was accompanied by a transient alkalinization of the external environment (Fig. 3) . As a control, cells of strain RH16.6 transformed with the vector A241 showed no change in proton flux in response to the external concentration of sodium. In numerous experiments, the equilibration time following so- dium addition was characteristically of longer duration than that seen in S. pombe overexpressing sod2.
Effect of Amiloride on sod2 activity in S. pombe. Amiloride and derivative compounds are potent inhibitors of the mammalian Na+/H+ exchanger encoded by the NHE1 gene (20) and are believed to exert their effect through competition for the external sodium binding site. The effect of these compounds on the activity of the S. pombe Na+/H+ exchanger was determined using microphysiometry. Cells of the overexpressing strain, sod2-1, were exposed to 300 mM NaCl in the presence of 100 ,uM amiloride, 5-(N-methyl-N-isobutyl)-amiloride (MIA), or 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) (Fig. 4) 4 . Activity of the S. pombe antiporter is not inhibited by amiloride and derivatives. Chambers containing sod2-1 cells were perfused with 10 mM Hepes, 0.1% BSA, and 300 mM TMA at pH 6.3 in the absence (circles) or presence of 100 ,uM MIA (squares), 100 ,uM EIPA (triangles), or amiloride (diamonds). Cells were then exposed to the same buffer containing 300 mM NaCl in place of TMA. After a 12-min exposure to NaCl (indicated by the bar) the cells were exposed to the TMA-containing buffer. Normalized acidification rates are plotted versus time in minutes.
Proc. Natl. Acad. Sci. USA 93 (1996) -0Vu exposure to NaCl and the corresponding alkalinization upon removal of sodium did not differ between the untreated control cells and those treated with amiloride, MIA or EIPA. This is in marked contrast to results obtained with Chinese hamster ovary-Kl cells in the microphysiometer, showing that the large pulse of extracellular acidification observed upon exposure of Chinese hamster ovary cells to 130 mM NaCl is almost completely abolished by 100 ,uM amiloride (5). These results show that, unlike mammalian Na+/H+ exchangers, the activity of the S. pombe Na+/H+ antiporter is not inhibited by amiloride or its derivatives.
Effect of Disruption of the Plasma Membrane Proton Gradient on sod2 Activity. Cells of strain sod2-1 were exposed to 300 mM NaCl on the microphysiometer in the presence of 50 ,uM CCCP, 1 mM DNP, or 100 ,tM DES (Fig. 5) . CCCP and DNP would be expected to collapse the proton gradient and membrane potential, whereas DES is an inhibitor of the plasma membrane H+-ATPase. No effect on proton flux measured in the microphysiometer was observed with any of these compounds. This suggests that membrane potential does not affect the activity of the S. pombe Na+/H+ antiporter. It would also suggest that perturbation of the transmembrane proton gradient does not have an effect on sod2 activity under these conditions. However, in the microphysiometer analysis, no carbon source was present and the pH of the buffer was very close to intracellular pH. Under these conditions the proton gradient would be expected to be minimal, so that agents that disrupt it might not be expected to have any effect in the presence of the high Na+ gradient (300 mM NaCl). DISCUSSION Na+/H+ antiporters exchange Na+ and H+ ions, with the direction of exchange being determined by the gradients of the two ions across the cell membrane. In mammalian cells, the predominant function of the Na+/H+ exchanger is to regulate intracellular pH by transporting protons out of the cell in exchange for sodium (21) . In contrast, the S. pombe Na+/H+ antiporter encoded by sod2 functions to regulate the internal concentration of sodium, rather than protons, and previous studies have measured the influx of protons as sodium is exported from cells expressing this antiporter (3) . In this study, the technique of microphysiometry has been used to measure the rate of transmembrane proton movement in S. pombe mediated by the sod2-encoded antiporter. The microphysiometer analysis demonstrated that the activity of this antiporter is bidirectional, importing or exporting protons in response to the external or internal concentration of sodium. The level of expression of sod2 correlated directly with the magnitude of the change in proton flux in response to changes in external sodium concentration; sod2-1 exhibited dramatic changes in the rates of extracellular acidification and alkalinization whereas the changes were much smaller for a wild-type strain. No changes in proton flux were observed for the null mutant, sod2::ura4.
The mechanism for sodium efflux in S. cerevisiae is through the activity of a family of P-type ATPases (4) displaying some differential activity toward Na+ or Li' (18) . Inactivation of the genes encoding these Na+-ATPases results in hypersensitivity to Li' and Na+, similar to the phenotype seen in S. pombe strains in which sod2 has been disrupted (3). Recently, it has been shown that the ENA1 gene from S. cerevisiae, which encodes one of these sodium pumps, complements the sodium efflux defect in the S. pombe sod2 disruption mutant (7) . This study demonstrates that expression of sod2 in an S. cerevisiae strain lacking any Na+-ATPase activity (RH16.6), restores the ability of these cells to export sodium and greatly increases their resistance to both Na+ and Li+ in the medium. As measured by microphysiometry, these S. cerevisiae transformants exhibit changes in bidirectional transmembrane proton flux in response to sodium identical to those observed for S. pombe. Under growth conditions where glucose is present, the Pmal H+-ATPase generates a strong inwardly directed proton gradient and this ensures that sodium movement is outward and that sodium cannot leak into the cell via this carrier.
It was found that expression of sod2 in a wild-type strain of S. cerevisiae also enhanced the tolerance for Na+ to the same extent as in RH16.6, and it enhanced Li+ resistance to a level 2-fold higher than for RH16.6. This is in contrast indicated that expression of the Na+-ATPase in a wild-type strain is not as effective and leads to a lower resistance than observed for transformation in a sod2::ura4 background (7) . No compelling explanation of this effect is available although possibly some increased influx of sodium through the antiporter under conditions of relatively weak proton gradients may occur. However, under normal growth conditions with glucose present, a strong proton gradient should prevent this and export through the antiport would be enhanced. It is conceivable that the two proteins simply interfere with each other when both are present in the S. pombe membrane at the same time, especially when the heterologous expression is on a strong promoter.
A characteristic of mammalian Na+/H+ exchangers is their inhibition by amiloride and its derivatives. Analysis of amiloride resistant NHE isoforms and point mutants have defined the putative amiloride binding site as residues 164-173 (22) . Activity of the S. pombe Na+/H+ antiporter was found to be unaffected by amiloride, EIPA, or MIA, which is the most potent of the analogs tested. This may reflect a lack of conservation of the amino acid residues which comprise the amiloride binding region. Comparisons of sod2 and NHE1 show that the region in the S. pombe antiporter corresponding to the amiloride binding site present in the human Na+/H+ exchanger (163DVFFLFLLPPI173 in NHE1, likely aligning with 81DVRVFASAIELPG93 in sod2) differs markedly in sequence and this may explain the failure to inhibit. The sodium binding site of sod2 has not been identified.
Earlier work had shown a partial inhibition of 22Na+ efflux from fission yeast when the H+ gradient was collapsed with CCCP or DNP (3). The present study saw no effect. The major difference apart from more sensitive instrumentation was a much higher sodium concentration in the present case (150-300 mM versus 6 mM previously). The higher sodium concentration was clearly sufficient to give a net flux of sodium into the cell even in the presence of some H+ gradient and the effect of the proton ionophores was negligible under these physiological conditions.
Recently, a gene encoding a Na+/H+ antiporter has been identified in the distantly related, extremely halotolerant yeast Zygosaccharomyces rouxii (23) . The zsod2 putative protein displays strong sequence similarity to, and substantial domains of identity with, sod2. As in S. pombe, the Z. rouxii antiporter is involved in sodium efflux and disruption of the gene results in reduced tolerance for sodium. There is also evidence that an additional copy of the gene may exist and this may explain the extreme sodium tolerance seen in this yeast. The primary function of the Na+/H+ antiporter in each of these yeasts is to regulate the intracellular concentration of sodium. Within sequences made available through the S. cerevisiae genome sequencing project an apparent homolog of sod2/zsod2 has recently appeared (Genpept SCX1 iRA 18) . No information is yet available regarding its function.
Available data serve to point out that there are two mechanisms for Na+ or Li+ tolerance in yeasts; the antiporterdependent export seen in S. pombe and Z. rouxii and the P-type Na+-ATPase dependent mechanism seen in S. cerevisiae. It remains to be seen whether an antiporter in S. cerevisiae or cryptic Na+-ATPase in S. pombe can also serve this function. What is clear at the present time is that if such cryptic genes exist then their expression or physiological regulation is such that they cannot compensate for the loss of the major sodium export route in either species.
